Findings that support the ability of humans to taste nonesterified fatty acids have been qualified by claims of substantial individual variability in sensitivity. We tested whether the number of testing visits impacted detection thresholds. Additionally, we explored the possibility that methodological differences in reported studies contributed to the high level of variance. Participants were randomized to either the modified staircase or ascending 3-alternative forced-choice methods, completed 10 test visits, and then switched to the alternate method. Repeated testing lowered the threshold concentration, and regardless of starting method, threshold concentrations were significantly lower with the second method. The staircase method generated data with less variation. The ascending method appears to be able to distinguish hypo and hypersensitive individuals as the variance at each visit increased over time, suggesting that the top performers continued to improve while the hyposensitive subjects maintained their low level of performance. The best individual threshold performance (lowest stimulus concentration) at each visit was obtained with the ascending method for 7 out of the first 10 visits (P = 0.117) and 17 out of the 20 visits (P = 0.001). Despite potential advantages of the ascending method in terms of sensitivity separation, there was no difference between the median of the first 10 visits, second 10 visits, and overall median obtained by the 2 testing methods. The most appropriate detection threshold testing method will depend on the goals of the researcher.
Introduction
Accumulating psychophysical evidence suggests that humans can taste nonesterified fatty acids (NEFA) (Kamphuis et al. 2003; Chalé-Rush et al. 2007a , 2007b Mattes 2009a Mattes , 2009b Stewart et al. 2010; Galindo et al. 2011; Pepino et al. 2012; Stewart et al. 2011a Stewart et al. , 2011b Stewart and Keast 2012) , which is commonly referred to as fat taste. In these studies, the mean threshold values between, as well as within, studies span roughly 4 orders of magnitude. Some have suggested this range indicates that there are hypo and hypersensitive fat tasters (Kamphuis et al. 2003; Mattes 2009a; Stewart et al. 2010) .
In addition to the possibility of true biological variability, a review of the literature suggests 5 major methodological issues in fat-taste studies that could be contributing to variability between and within subjects and studies. First, the vehicle used to present the stimuli varies from 1 research group to the next, which could result in differences in the reported thresholds between studies. Some groups use a milk base, for example, Stewart et al. (2010) ; others use deionized water, see Chalé-Rush et al. (2007a) . Some researchers use mineral oil, for example, Chalé-Rush et al. (2007a) , whereas others do not, see Pepino et al. (2012) . Some generate emulsions of NEFA using sonication, for example, Galindo et al. (2011) , whereas others homogenize, see Stewart et al. (2010) . Thresholds are a function of the medium in which they are determined (Mackey and Valassi 1956; Mackey 1958) , so they would be expected to vary across such trials. Second, the psychophysical methods used are not consistent. Some studies used an ascending 2- (Galindo et al. 2011) or 3-alternative forced-choice (ascending) method (Chalé-Rush et al. 2007a , 2007b Mattes 2009a Mattes , 2009b Stewart et al. 2010 Stewart et al. , 2011b Stewart and Keast, 2012) , whereas others tested with a staircase method (Pepino et al. 2012) . The ascending method used a stopping rule of 3 correct answers at 1 concentration, which has a probability of guessing correctly of 3.7%. The staircase method's probability of guessing correctly depends on the number of samples presented during each trial and the rule used to determine a reversal; for example, a 2-down, 1-up rule differs from a 3-down, 1-up rule (Wetherill and Levitt 1965) . Following a 2-down, 1-up rule, the probability of guessing 2 in a row correctly is 11.1%, and getting 1 incorrect answer is 50%. A threshold obtained by the staircase method using a 2-down, 1-up rule with 3 samples presented during each trial will be the threshold at which the participant will correctly identify the stimulus 57.7% of the time, whereas the threshold obtained by the 3-alternative forced-choice ascending method is the threshold at which the participant will correctly identify the stimulus 69.4% of the time (Wetherill and Levitt 1965) . These differences are rarely discussed when placing a study's results in the context of previously obtained detection thresholds. Third, the step sizes from 1 concentration to the next vary. Smaller step sizes allow for finer resolution of the threshold. Fourth, few studies conduct repeated testing of participants. The maximum number of tests was 4 (Stewart and Keast 2012) , but most used only 1. The effect of repeated exposure on sensitivity has largely been ignored in the area of fat taste. Repeated exposure may allow participants to learn how to "tune in" to the qualities of fat taste and improve taste sensitivity itself and/or test performance over time. This improvement has been documented in the short term (Mata-Garcia et al. 2007) and over the long term (Gonzalez et al. 2008 ) with a variety of stimuli. Finally, studies have used different data analysis approaches when no threshold is determined for individual participants. Some studies assign the highest concentration step as the threshold for a participant who cannot detect NEFA, for example, Mattes (2009b) , or replace missing data with the group mean as in Chalé-Rush et al. (2007b) . These choices could lead to differences in reported thresholds by lowering the mean threshold.
The purpose of this study was to determine whether the variability in mean detection thresholds reflects true biological variation or whether there are methodological issues that likely account for the differences reported. To that end, we attempted to address 2 of the issues outlined above-those of testing methodology and repeated testing. More specifically, we tested participants a total of 20 times-10 visits with the modified staircase method and 10 visits with the ascending method to determine whether improvement in sensitivity occurs over time and whether the methods differ in terms of the thresholds obtained and the number of visits required to obtain stable thresholds. We hypothesized that fat-taste detection thresholds would improve with repeated exposure. This expectation is based on the following: 1) unlike, for example, sweet or bitter qualities, there is no widely accepted lexicon for fat taste, so participants could not be directed to look for a specific quality; 2) the stimuli are completely novel in the testing context; the participants have had no comparable previous exposure to them and may need time to familiarize themselves; and 3) exposure to sweet and umami tastes has improved sensitivity in other psychophysical studies (Kobayashi et al. 2006; Gonzalez et al. 2008) . Although careful consideration of the methods suggests they could yield thresholds of variable accuracy and precision, both have been used to assess fat taste, and their results are often directly compared. Our hypothesis was that the methods would not differ in terms of thresholds obtained, time to threshold stability, or differentiating individuals who are sensitive or insensitive to fatty acid stimuli, but this required verification.
Materials and methods

Stimuli
An emulsion consisting of 5% w/v (1.8 x 10 -1 M) oleic acid was prepared in deionized water based on the method of Chalé-Rush (2007b) except 12% gum arabic (Sigma-Aldrich), 0.01% xanthan gum (Jungbunzlauer Inc.), and 0.01% ethylenediaminetetraacetic acid (Spectrum Chemicals) were used. Additional gum arabic was added to insure emulsion stability (Williams and Phillips 2009) . The vehicle contained all ingredients with the exception of the oleic acid. The vehicle was designed to mask viscosity and lubricity cues that NEFA may impart (Ramirez 1992; Schiffman et al. 1998 ). Solutions were sonicated using a Branson sonifier cell disruptor (model S-150D) for 30 min at 90% amplitude in an ice bath. From the 5% stock solution, quarter log step dilutions were created. Samples were stored under nitrogen in polypropylene containers, used within 24 h, and presented at room temperature.
Subjects
Sixteen (male, N = 6; female, N = 10) adults (mean age 24.1 ± 3.7 years) with body mass indices (BMI) ranging from 18.9-28.5 (≥25 kg/m 2 , N = 3) gave informed consent and completed the study. The demographic profile of our participants included: 5 Asians, 1 mixed race, and 10 Whites. 5 participants were Asian, 1 was mixed race, and 10 were White. Participants were recruited through public advertisements. This study was approved by the University's Human Subjects Institutional Review Board and registered at www. ClinicalTrials.gov (#NCT01550120).
Study design
A randomized, crossover study consisting of a total of 20 visits was conducted. Participants were randomized into either the ascending or the staircase method, completed 10 visits, and then crossed over to the alternative method. Height and weight were measured at baseline.
Testing methodology
Testing was conducted while subjects were blindfolded and wore nose clips to eliminate visual and olfactory cues. Participants were tested with 3 samples per trial: 2 samples containing the vehicle and 1 sample containing vehicle plus oleic acid. All trials followed a forced-choice procedure where participants were instructed to select the sample that was different from the other 2. At each visit prior to testing, subjects were given a sample of both the vehicle and the 5% oleic acid to taste with nose clips on in an attempt to familiarize them with the 2 samples. No suggestions were given to the participants as to the difference between the vehicle and the stimulus. Test visits were separated by at least 24 h.
For the staircase method, all participants started at threshold step 9 (3.2 mM) at each testing session. Sometimes referred to as a modified staircase procedure, a 2-down, 1-up rule was followed to determine the concentrations presented. Specifically, 2 correct answers in a row at the same concentration led to a decrease in concentration by 1 step, but a single incorrect answer led to an increase in concentration by 1 step. Moving from correct to incorrect or from incorrect to correct constituted a reversal. Testing ended when 5 reversals had taken place or when the participant had tasted all concentration levels without 5 reversals. In the latter case, the participant was assigned a threshold value of 1, or no threshold, which occurred 27 out of 160 test sessions or 16.9% of the time. If 5 reversals were obtained (133 out of 160 test sessions; 83.1% of the time), the last 4 reversals were averaged to obtain the threshold.
For the ascending, 3-alternative, forced-choice method, participants started at threshold step 19 (0.01 mM) and finished testing when either 3 correct answers in a row were given at the same concentration or all concentrations were tasted and no threshold was obtained (26 out of 150 test sessions or 17.3%). At the next visit, participants were started 6 concentration steps below their previously obtained threshold. A decrease of 6 concentration steps was selected as participants rarely improved by this much over the course of 1 visit to the next. In the rare cases where participants correctly identified the stimulus at the first concentration presented, testing paused briefly and then resumed at a concentration that was 6 steps below the concentration previously identified.
Statistics
The data were not normally distributed, so medians and semi-interquartile ranges (SIQR) are reported by concentration step, with larger step numbers representing more dilute concentrations. For reference, the median concentration in millimolars is also presented, but because we assigned a value of step 1 when no threshold was obtained, SIQRs were not calculated. As step 1 was not a measured threshold value, step 2 was the stock solution of 5% w/v (1.8 x 10 -1 M) oleic acid. The level of significance was set at P < 0.05. Data were analyzed using IBM SPSS Statistics 19 and Microsoft Excel 2010. Related samples Wilcoxon signed rank tests were used to compare performance across visits and methods. Differences in the variance between visits were assessed using the sums-differences correlation test.
Results
The overall median obtained across all 20 testing sessions was step 7 ± 1.9 (median ± SIQR; 10.1 mM), and the range over all 20 test visits was step 1 to step 39 (no threshold to 9.8 x 10 -8 mM). Regardless of the starting method, performance was significantly improved with the second method with a median of step 5.8 ± 2.0 (20.7 mM) for the first 10 visits versus step 8.0 ± 1.8 (5.7 mM) for the second 10 visits (P < 0.001). Due to the observed order effect, only data from the first 10 visits were used in further analyses, as this allows for the best assessment of differences between methods. The range of medians obtained for each participant for the first 10 visits was step 1 to step 24 (no threshold to 5.8 x 10 -4 mM). Repeated testing improved performance over time. At the first visit, 50% of participants were unable to establish detection thresholds. At the fourth visit, all participants had managed to obtain at least 1 threshold. Not until the third visit were correlations documented between the threshold obtained and the median of the first 10 visits (r = 0.809, P < 0.0001) and second 10 visits (r = 0.611, P = 0.012). Figure 1A shows that a significant improvement in sensitivity occurred with the staircase method by visit 7 (step 8.9 ± 2.4; 3.5 mM) compared with visit 1 (step 2.1 ± 2.1; 1.7 x 10 2 mM) and was maintained at visits 9 (step 6.5 ± 1.7; 14.0 mM) and 10 (step 7.5 ± 2.1; 7.9 mM). Similar improvements were seen with the ascending method ( Figure 1B ), but only a trend for statistical significance was noted between visit 1 and visits 8-10 (P = 0.063-0.112). To account for the learning effect, we analyzed visits 7-10 separately and found no difference in median thresholds among methods. No difference was observed in the medians among the methods at each visit. Correlation coefficients for thresholds determined by the 2 methods increased with visit number, that is, visit 3 (r = -0.301, P = 0.468) and visit 7 (r = -0.635, P = 0.091), and was significant for the median of the first 10 visits (r = -0.735, P = 0.038). The best performance (lowest threshold concentration) at each visit was obtained by the ascending method for 7 out of the first 10 visits (P = 0.117) and 17 out of the 20 visits (P = 0.001).
The variance among visits was not significantly different for the staircase method with the exception of visits 1 and 4, where the variance of visit 4 was greater ( Figure 1A) . In contrast, the variance increased over time with the ascending method ( Figure 1B) . The variance of visits 9 and 10 was significantly greater compared with both visits 1 and 2 (both P < 0.05), and the variance of visit 10 was also significantly greater relative to visits 3 (P < 0.02) and 4 (P < 0.05). To further explore the relationship between variance and time, we plotted the cumulative SIQR for each method. Figure 2A shows minimal variance change over the visits for the staircase method, but Figure 2B demonstrates progressively increasing variance over time with the ascending method.
Individual-level data based on starting method are shown in Table 1 . The median thresholds for first visit, best threshold, overall median by method, and average of the best 3 thresholds did not differ among the groups. The average was used in this case because with the exception of 1 participant with 1 visit, all participants obtained thresholds. The best threshold was significantly lower than the first visit for both methods (P = 0.012). The first visit threshold and median threshold were not significantly different regardless of method. The first visit threshold and the average of the best 3 visits were significantly different from each other for both methods (staircase, P = 0.012; ascending, P = 0.025). The best threshold was significantly lower than the median threshold for both methods (P = 0.012). The average of the 3 best visits was significantly lower than the median for both methods (P = 0.012). The best threshold was significantly lower than the average of the 3 best visits for both methods (P = 0.012). Comparing the best threshold to the threshold of the first visit, the median improvement was nearly 3 orders of magnitude, with the least improvement spanning less than 1 order of magnitude. The most improvement differed by 9 orders of magnitude. Improvement of at least 5 orders of magnitude was seen in 25% of participants (N = 4). No significant differences were noted between males and females at visit 1 or for the overall median, median of the ascending method, or median of the staircase method. The median best threshold obtained during the 20 test visits was significantly lower in females (step 23.5 ± 10.1 vs. step 12.0 ± 2.2 in males; P = 0.011). The 4 participants, who had changes in performance between the first visit and the best threshold that exceeded 5 orders of magnitude, were all females. Significant improvements between visits were observed only in the males in the staircase group (N = 4), with differences between visit 1 and visits 3 (P = 0.042), 4 (P = 0.027), 5 (P = 0.043), 7 (P = 0.043), 8 (P = 0.043), and 9 (P = 0.043).
Discussion
This study examined the effects of repeated testing on NEFA detection thresholds. With no widely accepted lexicon for fat taste, untrained participants cannot be directed to look for a specific quality or sensation that is elicited by NEFA. This sensation might not be apparent to the participant upon initial exposures, and a lack of understanding of the sensation likely accounts for the initial difficulty experienced by most participants in its detection and recognition (Mata-Garcia et al. 2007) . In this study, 50% of participants were unable to establish detection thresholds during the first visit, whereas by visit 4, all participants had obtained at least 1 threshold. Although a number of studies now report detection thresholds for NEFA (Chalé-Rush et al. 2007a , 2007b Mattes 2009a; Stewart et al. 2010; Pepino et al. 2012; Stewart et al. 2011b ), the range of detection thresholds for participants spans approximately 4 orders of magnitude. Importantly, the highest number of testing sessions was 4 (Stewart and Keast 2012) . Based on the present results, characterization of hypo or hypersensitivity after such a limited number of testing sessions may be premature.
Significant improvement was noted when subjects were tested with the staircase method, achieving significance relative to baseline after 7 visits. A trend toward significance was seen after 8 visits with the ascending method (P = 0.063). That these gains were largely maintained suggests a learning or practice effect. Practice effects, in contrast to warm-up effects, take longer to achieve and last longer as warm-up effects quickly diminish after testing ends (O'Mahony et al. 1988) . The duration of the practice effect for NEFA is unknown at present; however, previous work demonstrated that improvements with repeated exposure for sweet taste were extinguished within 34 days (Gonzalez et al. 2008) . Warm-up effects, or repeatedly providing samples to taste prior to testing (Mata-Garcia et al. 2007) , may also play a role in NEFA detection. The benefits of providing samples prior to sensory testing for other qualities has been documented in multiple studies (e.g., Thieme and O'Mahony 1990; Plemmons and Resurreccion 1998; Dacremont et al. 2000; Mata-Garcia et al. 2007 ) and appears to help with focusing the attention of the participant to the differences between the stimulus and the vehicle (Dacremont et al. 2000; MataGarcia et al. 2007 ). As tested here, warm-up effects were likely to have more of an impact on the staircase method than the ascending method. If no threshold was obtained at the previous visit using the staircase method, the subject had the opportunity to taste 8 different concentrations before they had to correctly identify oleic acid in order to continue testing as there were only 8 stronger concentrations available for testing. Once correctly identified, even at the highest concentration, staircase participants then had the opportunity to retest at previously tasted concentrations or, based on performance, even lower concentrations. In contrast, if no threshold was obtained previously by a participant testing with the ascending method, the maximum number of concentrations that could be tasted was 6 as revisiting a concentration was not permitted with this method.
To date, NEFA detection threshold studies have employed a variety of vehicles, testing methodologies, and methods to handle missing threshold values. Caution is required when comparing thresholds obtained using different vehicles, as thresholds are dependent on the background in which they are tested (Mackey and Valassi 1956; Mackey 1958) .
Although the median thresholds found in this study are higher than those previously reported, some studies assigned the highest concentration tested to subjects with no threshold or replaced missing values with the group mean. When averaged, this artificially suppresses the group threshold value. Analyzing our data by replacing no threshold values with the group threshold value reduces the group medians by an order of magnitude. Over the course of 20 visits, we obtained individual visit threshold values from participants that spanned 8 orders of magnitude and individual overall median thresholds that encompassed 6 orders of magnitude. The median improvement from the first visit to the best obtained threshold was nearly 3 orders of magnitude. It was not uncommon to see an improvement of 5 or more orders of magnitude. Thus, some participants greatly improved with repeated testing. In contrast, the least improvement spanned just 1 order of magnitude as measured in 2 participants and another 3 participants improved by 2 orders of magnitude or less, supporting the idea of individual variability that may be referred to as hyposensitive and hypersensitive participants. This phenomenon is not unique to fat taste. In addition to the well-studied hyposensitivity and hypersensitivity to 6-n-propylthiouracil (PROP), there are populations of people who are hyposensitive to other taste qualities; psychophysical testing with umami's prototypical taste stimulus, monosodium-l-glutamate, suggests hyposensitive responders, as well as umami-specific nontasters (Lugaz et al. 2002) , and some individuals demonstrate hypogeusia to either fructose or glucose but not the other (Eylam and Kennedy 1998) .
Group variance significantly increased over the course of the ascending visits due to the less-sensitive subjects remaining stable, whereas more-sensitive subjects continued to improve. This phenomenon was demonstrated when SIQR versus visit was plotted. This analysis was modeled on analysis of repeated detection thresholds as performed by Stevens et al. (1995) who concluded that unstable variance over time indicated that true thresholds had yet to be reached. Our data suggest that 7 or more visits is an appropriate number of visits to achieve stability with the staircase method as this was the number of visits that first showed a significant difference from baseline and no further significant change subsequently. In contrast, more than 10 visits may be necessary with the ascending method.
As the rationale for detection threshold testing is to identify the lowest physiological limits of sensitivity, it appears that the ascending method better allows for the separation of hyposensitive and hypersensitive subjects. If the researcher does not need to separate individuals based on ability, then either method would be appropriate as the overall median did not differ among methods after 10 visits. Indeed, there was a significant correlation among methods for the medians of the first 10 visits, and the number of visits to obtain the best performance was similar.
The staircase method appears to generate group-level thresholds with more stability over time. Although repeatable measurements are highly desirable, the staircase method may not reflect lower physiological detection limits. The opportunity to retaste previously tasted concentrations provided by the staircase method, in addition to the higher probability that guessing correctly can occur (11.1% for staircase vs. 3.7% for ascending), likely contribute to the reduced variance seen with this method. Simply put, lesssensitive participants stand a greater chance of "achieving" a threshold at any concentration level with the staircase vs. the ascending method. In contrast to the staircase method's apparent benefit of stability of thresholds, the best performance at each visit was obtained by the ascending method in 7 out of the first 10 visits and in 17 out of the 20 visits. The ascending method may allow participants to achieve lower thresholds and give finer resolution between hyposensitive and hypersensitive participants. The staircase method might not be the best method for attempting to classify hyposensitive and hypersensitive subjects.
Although the goal of this work was to identify the best approach for quantifying the lowest physiological limits of NEFA detection, our findings do not indicate that initial "naïve" responses are without value. Initial responses might better reflect an untrained individual's threshold sensory experience when consuming triacylglycerol (dietary fat)-containing foods. This response may be more useful for predicting the behavioral response to oral NEFA exposure. However, out data suggest the stability of this response is uncertain.
Whether there are gender differences for fat taste remains a subject of debate. Although some studies report that females may be more sensitive to the taste of fat (Kamphuis et al. 2001) , others fail to find associations (Mattes 2009b; Stewart et al. 2010) . We had no a priori hypotheses that gender differences would be present in this study, so caution in interpretation of our data is warranted. There were no differences at baseline between males and females. However, females achieved the best thresholds and improved the most over the course of testing. Males in the staircase group did improve from baseline, but these improvements did not result in differences in the median of the ascending method or median of the staircase method among genders. The number of males in the ascending group (N = 2) was too small to explore performance improvements. A study designed to look at gender effects is warranted to better address the role of gender on fat-taste sensitivity.
There are a number of limitations with this study. The time between visits varied due to scheduling issues, that is, some subjects came in daily, whereas others were scheduled as infrequently as weekly. The ideal amount of separation between visits is currently unknown, but if frequency of exposure assists with learning how to detect NEFA, this ought to be controlled. The total time to complete the study was not significantly different among the methods. In terms of learning and sweet taste, others noted that detection threshold improvements were lost by 33 or 34 days after exposure termination (Gonzalez et al. 2008) . At no time did the time between visits exceed 33 days for any of the participants. Indeed, over 80% of the visits occurred within 7 days of each other. Optimizing this learning process is an area worthy of future research.
Another limitation of our study involves how we chose to administer the staircase and the ascending methods. With the ascending method, participants started 6 steps lower than their last threshold. This typically meant that ascending testing was conducted quite quickly, minimizing fatigue. With the staircase method, the participant started at step 9 (3.2 mM) each time, regardless of how sensitive or insensitive they were during the prior test. We chose a concentration we believed would be a mid-level concentration, tasted by some but not others. For the very sensitive participants, this meant that the number of trials could become burdensome, sometimes taking more than an hour to complete. Although these people obtained very low thresholds, giving cause to wonder whether this is really an issue, it could be the case that these participants would have done even better had the potential for fatigue been further minimized. Starting trials at the threshold concentration from the previous session may be the most efficient approach to reduce fatigue with the staircase method. The high proportion of females in our trial is also of concern for extrapolating the findings although other studies have not reported gender effects on NEFA detection thresholds (Mattes 2009b; Stewart et al. 2010) .
This study provides more evidence suggesting that humans can taste NEFA and that sensitivity varies markedly between people. We hypothesized that fat-taste detection thresholds would improve with repeated exposure and found this to be the case. Thus, repeated testing of participants is desirable if the goal is to identify the lower limits of detection. We also hypothesized that the methods would not differ in terms of sensitivity or stability of thresholds as the methods are commonly used in psychophysical detection threshold studies despite having very different probabilities. Contrary to our hypothesis, we found differences between methods when attempting to capture individual variability. The ascending method, being more statistically rigorous, was found to better separate participants based on sensitivity as this method consistently identified the best threshold obtained at 17 out of 20 visits. Individual medians over the course of the first 10 visits spanned 4 orders of magnitude, whereas the individual medians over the course of the second 10 visits spanned 5 orders of magnitude. These marked differences in sensitivity support a high degree of individual variability in terms of sensitivity. Despite potential advantages of the ascending method in terms of separating hyposensitive versus hypersensitive people, there was no difference between the overall median of the first 10 visits or the average of the best 3 threshold values obtained by the 2 testing methods. The preferred testing method, staircase versus ascending, depends on careful consideration of testing goals, that is, stability of threshold values versus differentiation between hyposensitive and hypersensitive individuals, respectively.
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